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Astatine-211 is a promising radionuclide for targeted alpha therapy of cancers. It is re-
quired to image the distribution of targeted radiotherapeutic agents in a patient’s body
before or during treatment for optimization of treatment strategies and determination
of the suitability of a given agent for a particular patient. Because the biodistribution
of astatine-211 is different from that of iodine-131, which is a common radiohalogen in
conventional single-photon emission computed tomography or Anger cameras , it is im-
portant to image astatine-211 directly.
Astatine-211 and its daughter radionuclide polonium-211 emit high-energy gamma rays
with the energies of 570 keV, 687 keV, and 898 keV at the total intensity of 0.9%. Since
these gamma rays are not substantially attenuated in the body, Compton cameras are
suitable for visualizing astatine-211 distribution noninvasively.
In this thesis, I developed a cost-effective Compton camera using high-sensitive inor-
ganic scintillators and a commercially available data acquisition system for a positron
emission tomography camera. I performed imaging experiments of a point-like astatine-
211 source using the developed Compton camera, and the source was successfully im-
aged. I have demonstrated the capability of imaging astatine-211 with the high-energy
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Astatine-211 is a promising radionuclide for targeted alpha therapy of cancers (Guérard,
Gestin, and Brechbiel, 2013, see section 2.1.3). It is required to image the distribution of
targeted radiotherapeutic agents in a patient’s body before or during treatment for op-
timization of treatment strategies and determination of the suitability of a given agent
for a particular patient (Vaidyanathan and Zalutsky, 1996, Ott, 1996, Seo, 2019). Be-
cause the biodistribution of astatine-211 is different from that of iodine-131 (Garg, Har-
rison, and Zalutsky, 1990, Spetz, Rudqvist, and Forssell-Aronsson, 2013), which is a
common radiohalogen in conventional single-photon emission computed tomography
(SPECT) or Anger cameras (see section 2.2.1), it is important to image astatine-211 di-
rectly (Vaidyanathan and Zalutsky, 1996, Turkington et al., 1993).
Conventional SPECT or Anger cameras have so far been used to image astatine-211 with
77-keV–92-keV polonium K-shell x rays (Turkington et al., 1993, Johnson et al., 1995).
However, Turkington et al., 1993 stated some difficulties when imaging astatine-211 with
the x rays. First, high-energy gamma rays are emitted via electron capture decay of
astatine-211 (687 keV) and via alpha decay of its daughter radionuclide polonium-211
(570 keV and 898 keV) at the total intensity of 0.9%. These gamma rays can penetrate
a collimator, be scattered and deposit energy in a detector, and then degrade the im-
age. Second, 73-keV–87-keV lead K-shell x rays from a lead collimator stimulated by
the interactions of these gamma rays also degrade the image due to the proximity of
energy. Third, attenuation coefficients of 77-keV–92-keV x rays is relatively large (0.175
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cm2/g–0.186 cm2/g in water) due to their low energy, which makes data less quantita-
tive and requires attenuation correction accompanied by an additional transmission scan
or x-ray computed tomography.
Yamaguchi et al., 2018 proposed to image astatine-211 with the high-energy gamma rays
to overcome the problems in conventional SPECT or Anger cameras mentioned above
(see Chapter 3). The third problem can be improved because attenuation coefficients
of 570-keV–898-keV gamma rays are relatively small (0.074 cm2/g–0.092 cm2/g in wa-
ter). For example, 25%–33% of 570-keV–898-keV gamma rays pass through 15 cm of
water, whereas 6%–7% of 77-keV–92-keV x rays do. This property makes it easier to
image astatine-211 located more deeply in a body. Moreover, the first and the second
problems can be solved by collimatorless imaging devices. Another advantage of colli-
matorless devices would be their portability to a patient’s bedside, which could dispense
with movements of a patient between a sickroom and a diagnostic room.
As a candidate for such collimatorless imaging devices for the high-energy gamma rays,
a Compton camera can be used. It is an electronically collimated imaging device that
uses the kinematics of Compton scattering (see section 2.2.1). In this thesis, I devel-
oped a cost-effective Compton camera using high-sensitive inorganic scintillators and a
commercially available data acquisition (DAQ) system for a positron emission tomogra-
phy (PET) camera (see section 2.2.2) and performed imaging experiments of a point-like
astatine-211 source using the Compton camera to demonstrate the capability of imaging
astatine-211 with these gamma rays.
This thesis consists of the following six chapters followed by Acknowledgments, Bibli-
ography, and Research achievements.
• Chapter 1: Introduction
• Chapter 2: Background information




• Chapter 4: Development of a cost-effective Compton camera
• Chapter 5: Astatine-211 imaging by a Compton camera
• Chapter 6: Conclusion and future directions
In Chapter 1, introduction to the thesis topic is described.
In Chapter 2, background information on targeted radiotherapy and radionuclide imag-
ing methods in nuclear medicine are described.
In Chapter 3, an excerpt of the applicated patent titled "Radiation source detection method"
(Yamaguchi et al., 2018) is described as the concept of targeted alpha therapy imaging
with high-energy gamma rays.
In Chapter 4, I developed a cost-effective Compton camera using high-sensitive inor-
ganic scintillators and a commercially available DAQ system for a PET camera. I per-
formed imaging experiments of a manganese-54 point source to demonstrate the imag-
ing capability for the camera, and the source was successfully imaged.
In Chapter 5, I performed imaging experiments of a point-like astatine-211 source using
the developed Compton camera, and the source was successfully imaged. I also per-






In targeted radiotherapy, or targeted radionuclide therapy, high radioactivity levels of
particle-emitting radioisotopes attached to tissue-targeting agents are administered to
deliver high radiation doses to targeted tissues. Unlike conventional external-beam ra-
diotherapy, targeted radiotherapy targets deseases at the cellular rather than on a gross
anatomical level (Dash, Knapp, and Pillai, 2013, Srivastava and Dadachova, 2001, Cuaron
et al., 2009, Gabriel, 2012, Yeong, Cheng, and Ng, 2014, Gudkov et al., 2016). The prox-
imal contact between the radionuclide and the cells targeted for destruction enables the
absorbed radiation to be concentrated at the target site with the minimal injury to an
adjacent healthy tissue (Knapp and Dash, 2016e). Moreover, radiation can be delivered
selectively to subclinical tumors and metastases that are too small to be imaged and
thereby treated by surgical excision or local external-beam radiotherapy (O’Donoghue,
Bardiès, and Wheldon, 1995).
Potentially, beta particles, Auger electrons, and alpha particles are assumed to exhibit
high therapeutic efficiency because these types of radiation provide stronger destruction
to biological systems at a given dose in comparison with x rays and gamma rays (Gud-
kov et al., 2016). The choice of the radiation type depends on tumor size and heterogene-
ity as well as the inhomogeneity of the radionuclide distribution and pharmacokinetics
(Barendsen et al., 1960).
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2.1.1 Beta emitters
Beta emitters are effective for large tumors owing to their large range (up to 12 mm) in
biological tissues (Knapp and Dash, 2016j), which confers the cross-fire effect (Enger et
al., 2008). Yttrium-90 and iodine-131 are widely used in the clinical practice because of
their suitable emission characteristics, facile and affordable production, and amenable
chemical properties, which allow simple and stable attachment of radionuclides to car-
rier molecules (Gudkov et al., 2016, Larson et al., 2015, Knapp and Dash, 2016i, Knapp
and Dash, 2016l, Knapp and Dash, 2016k, Knapp and Dash, 2016g, Knapp and Dash,
2016f, Knapp and Dash, 2016h). These isotopes represent a standard being used for com-
parison with all the other radionulcides (Gudkov et al., 2016, Larson et al., 2015). Another
example of beta emitters used in the clinical practice is strontium-89, which is one of the
most commonly used radionuclides for treatment of bone pain palliation arising from
skeletal metastasis (Knapp and Dash, 2016i, Knapp and Dash, 2016k).
2.1.2 Auger emitters
Auger emitters are effective only when their carrier molecules can penetrate through the
cell membrane and reach the nucleus because the range of Auger electrons in biological
tissues is generally a few nm (Gudkov et al., 2016). Therefore, the design and selection of
carrier molecules is very important for the development of a clinically useful therapeutic
agent (Knapp and Dash, 2016j). Some examples of potential therapeutic Auger emitters
are rhodium-103m, indium-111, iodine-125, holmium-161, and platinum-195m (Knapp
and Dash, 2016c, Knapp and Dash, 2016a, Knapp and Dash, 2016g).
2.1.3 Alpha emitters
Alpha emitters are effective for small tumors and micrometastases because the range
of alpha particles in biological tissues is confined to a few cell diameters (50 µm–100
µm) (Knapp and Dash, 2016j, Gudkov et al., 2016, Larson et al., 2015, Knapp and Dash,
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2016b). In addition, the high linear energy transfer (LET) of alpha particles (up to 100
keV/µm) confers a high relative biological effectiveness (RBE) for cell killing (Larson
et al., 2015, Zalutsky and Pozzi, 2004, Knapp and Dash, 2016b, Knapp and Dash, 2016a).
High RBE derives from the fact that the extent of damage (for example, deoxyribonucleic
acid (DNA) double-strand breaks) to the cell from alpha-particle exposure is so great that
cell repair mechanisms are not effective and the cell undergoes apoptosis or necrosis (Lar-
son et al., 2015). Owing to the high concentrated dose deposited along the track and the
short range in biological tissues on the order of cellular dimensions, alpha particles have
a high probability of inducing damage to DNA, making them quite cytotoxic. This spe-
cific radiation quality of alpha particles, characterized by localized spatial distribution
of the imparted energy and high density of ionization per unit path length, causes direct
DNA damage rather than indirect free-radial-mediated DNA damage (Knapp and Dash,
2016b). Toxicity originates from the increased frequency of clustered DNA double-strand
breaks observed with high-LET radiation (Knapp and Dash, 2016b, Goodhead, 1994).
Furthermore, the effectiveness of high-LET radiation is nearly independent of the oxy-
genation status of the cells, dose rate, and cell cycle position (Zalutsky and Pozzi, 2004,
Knapp and Dash, 2016b, Larson et al., 2015).
Owing to availability and decay properties, only a few alpha emitters are considered suit-
able for in vivo applications such as astatine-211, bismuth-213, radium-223, and actinium-
225 (Larson et al., 2015, Knapp and Dash, 2016b).
Radium-223
Routine clinical use of alpha emitters has only been accomplished with the introduction
of the radium-223 radiopharmaceutical (Xofigo) for treatment of bone pain from prostate
cancer refractory to hormone therapy (Knapp and Dash, 2016j, Knapp and Dash, 2016k,
Knapp and Dash, 2016d).
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Astatine-211
Astatine-211 decays either directly by alpha decay to bismuth-207 followed by electron
capture decay to stable lead-207, or by electron capture decay to polonium-211 followed
by alpha decay to lead-207 (Knapp and Dash, 2016a, Knapp and Dash, 2016b, Zalutsky
and Pozzi, 2004), as shown in Fig. 3.1 in section 3.2.1.
Astatine-211 has many desirable features for targeted alpha therapy. Table 2.1 shows
some features of astatine-211. First, its half-life of 7.214 hours is sufficient to permit mul-
tistep synthetic procedures and is also sufficiently long to accommodate for the pharma-
cokinetics of a wide variety of potential cell-specific targeting agents (Knapp and Dash,
2016a, Zalutsky and Pozzi, 2004, Guérard, Gestin, and Brechbiel, 2013). Second, the
halogen chemistry of astatine is diverse and permits radiolabeling of a wide range of
molecules (Knapp and Dash, 2016a, Zalutsky and Pozzi, 2004, Knapp and Dash, 2016b,
Guérard, Gestin, and Brechbiel, 2013). Third, owing to 100% of its decay leading to the
production of an alpha particle, high efficiency of the treatments and limited toxicity are
expected at relatively low doses (Guérard, Gestin, and Brechbiel, 2013). Fourth, astatine-
211 can be produced using natural bismuth targets and cyclotrons (Knapp and Dash,
2016b, Guérard, Gestin, and Brechbiel, 2013, Zalutsky and Pozzi, 2004, see section 5.1.1),
which means that neither nuclear source materials, nuclear reactors, nor large-scale syn-
chrotrons are needed unlike other alpha emitters.
Astatine-211 is applicable to various cancers. Table 2.2 shows some examples of the
targeted cancers to which astatine-211 is applicable in clinical and preclinical studies
(Guérard, Gestin, and Brechbiel, 2013, Vaidyanathan and Zalutsky, 2011).
2.2 Radionuclide imaging methods in nuclear medicine
The purpose of radionuclide imaging in nuclear medicine is to obtain images of the dis-
tribution of radioactive tracers within the body after administration to a patient. This is
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Total alpha emission rate 100%
Production cyclotron
Its half-life of 7.214 hours is sufficient to permit multistep synthetic proce-
dures and is also sufficiently long to accommodate for the pharmacokinet-
ics of a wide variety of potential cell-specific targeting agents. The halogen
chemistry of astatine is diverse and permits radiolabeling of a wide range
of molecules. Owing to 100% of its decay leading to the production of an
alpha particle, high efficiency of the treatments and limited toxicity are ex-
pected at relatively low doses. Astatine-211 can be produced using natural
bismuth targets and cyclotrons, which means that neither nuclear source
materials, nuclear reactors, nor large-scale synchrotrons are needed unlike
other alpha emitters.
accomplished by recording the emissions from the tracers with external radiation detec-
tors placed outside the patient. The preferred emissions for this application are x rays
and gamma rays, which are penetrating in body tissues to be detected from deep-lying
organs (Cherry, Sorenson, and Phelps, 2012e).
There are two broad classes of nuclear medicine imaging: single-photon emission imag-
ing and positron emission imaging (Cherry, Sorenson, and Phelps, 2012f).
2.2.1 Single-photon emission imaging
Single-photon emission imaging uses radionuclides that decay and emit (at least) a single
x-ray or gamma-ray photon such as gallium-67, krypton-81m, technetium-99m, indium-
111, iodine-123, iodine-131, xenon-133, and thallium-201 (Wernick and Aarsvold, 2004,
Brill and Beck, 2004, Cherry, Sorenson, and Phelps, 2012c, Cherry, Sorenson, and Phelps,
2012f).
-9-
Chapter 2. Background information
TABLE 2.2: Some examples of the targeted cancers to which astatine-211 is
applicable in clinical and preclinical studies.
Clinical/ Cancer Reference(s)
Preclinical
Clinical Ovarian cancer Andersson et al., 2009,
Cederkrantz et al., 2015
Clinical Recurrent brain tumor Zalutsky et al., 2008
Preclinical Malignant pheochromocytoma Ohshima et al., 2018,
Sudo et al., 2019
Preclinical Synovial sacroma Li et al., 2018
Preclinical Peritoneal metastasis of gastric cancer Li et al., 2017
Preclinical Carcinomatous meningitis Zalutsky et al., 1994,
Boskovitz et al., 2009
Preclinical Breast tumor Robinson et al., 2008
Preclinical Prostate cancer Willhauck et al., 2008
Preclinical Leukemia Zhang et al., 2006a,
Zhang et al., 2006b,
Zhang et al., 2007
Preclinical Colorectal carcinoma Talanov et al., 2004,
Talanov et al., 2006,
Almqvist et al., 2007
Preclinical Head and neck squamous cell carcinoma Cheng et al., 2007
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There are two common forms of single-photon emission imaging: planar and tomo-
graphic. A planar image depicts a single view (projection) of a radiotracer distribution in
a patient, whereas a tomographic image is a slice or volume image of the radiotracer dis-
tribution computed from multiple images acquired from multiple angles. Tomographic
images differ from planar images in that each pixel (picture element) or voxel (volume
element) in a tomographic image represents a measurable parameter at only one point
in space, whereas each pixel in a planar image represents the result of integration of the
parameter over all locations along a roughly line-shaped volume through an object. Both
the imaging methods are used routinely in nuclear medicine clinics (Zeng et al., 2004).
Anger camera
An Anger camera, also called gamma camera or scintillation camera, is the most common
radionuclide imaging device for x rays and gamma rays in nuclear medicine (Anger,
1952, Anger, 1958, Anger and Davis, 1964, Anger, 1964, Barrett and Swindell, 1981b,
Tapscott, 1998, Barrett and Myers, 2004). It usually consists of a collimator, a scintillation
crystal, a light guide, an array of photomultiplier tubes (PMTs), energy discrimination
and positioning electronics, and a computer and display for acquisition, processing, and
display of data and images (Zeng et al., 2004). Recent advances in detectors, readout elec-
tronics, and signal processing of Anger cameras are reviewed by Peterson and Furenlid,
2011.
SPECT
The SPECT technique is a diagnostic imaging technique in which tomographs of a ra-
dionuclide distrubution are generated from x rays or gamma rays detected from multiple
angles about the distribution (Zeng et al., 2004). Almost all the commercially available
SPECT systems are based on the Anger camera detector. A single Anger camera head,
mounted on a rotating gantry, is sufficient to acquire the data needed for tomographic
images. The Anger camera acquires two-dimensional (2D) projection images at equally
-11-
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spaced angular intervals around the patient. Cross-sectional images are produced for
all the axial locations (slices) covered by the field of view of the Anger camera, result-
ing in a stack of contiguous 2D images that form a three-dimensional image volume.
The sensitivity of a SPECT system can be improved by incorporating multiple detector
heads in the system. Both dual-headed and triple-headed SPECT systems are available,
with dual-headed systems being the most commonly encountered. These systems allow
two or three angular projections to be acquired simultaneously (Cherry, Sorenson, and
Phelps, 2012d).
Compton imaging
At present, virtually all the single-photon emission imaging in nuclear medicine relies
on mechanical collimation as described above. Mechanical collimation is the primary
factor that limits the imaging potential of single-photon emission imaging (Bolozdynya,
2004). First, sensitivity of imaging devices using mechanical collimation is inversely pro-
portional to the spatial resolution. Second, performance of mechanical collimators suf-
fers with increasing gamma-ray energy espacially at 364 keV (from iodine-131) or more
(Rogers, Clinthorne, and Bolozdynya, 2004).
To overcome the limitations of mechanical collimation, Compton imaging was proposed
by Todd, Nightingale, and Everett, 1974 for medical imaging. Compton imaging relies
on electronical collimation that uses the kinematics of Compton scattering. Generally,
a Compton imaging device called Compton camera consists of two or more detectors
(Phillips, 1995). The incoming gamma ray is Compton-scattered by an electron in the
first position-sensitive detector (scatterer) and is subsequently absorbed by the second
position-sensitive detector (absorber) (Rogers, Clinthorne, and Bolozdynya, 2004; see
Fig. 3.3 in section 3.2.1). Both the detectors are operated in time coincidence to collimate
gamma rays electronically (Llosá, 2019). The recorded data consist of the interaction
positions and deposited energies for the pair of detection that occur essentially simulta-
neously in the scatterer and absorber. The sum of the two energies provides an estimate
-12-
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of the incoming gamma-ray energy (Rogers, Clinthorne, and Bolozdynya, 2004). The
scattering angle of the incoming gamma-ray is estimated by the two energies using the
kinematics of Compton scattering (see equation 3.1 in section 3.2.1). The interacition
positions allow to reconstruct a cone (Compton cone) with an aperture angle given by
the scattering angle, with the vertex given by the interaction point in the scatterer, and
with the axis given by the straight line connecting the interaction points. The point from
which the gamma ray was emitted is then restrected to lie in the conical surface, and the
source distribution can be estimated from the cones generated in different events (Llosá,
2019).
Applications of Compton imaging have been being widely explored to various fields.
Table 2.3 shows some examples of the fields to which Compton imaging is applicable.
Several Compton cameras are commercially available. Table 2.4 shows some examples
of the commercially available Compton cameras. At present, most of the commercially
available Compton cameras are designed for nuclear security and safety, especially mo-
tivated by the Fukushima Daiichi nuclear power plant accident.
2.2.2 Positron emission imaging
The PET technique is another tomographic imaging technique based on the annihilation
coincidence detection of the two colinear 511-keV gamma rays resulting from the mu-
tual annihilation of a positron and an electron (Zanzonico, 2004). The positron emitted
from a positron-emitting radionuclide interacts by annihilation with an electron usu-
ally within a few millimeters in body tissues from the decaying nucleus to form two
511-keV gamma rays traveling in (almost exactly) 180° opposing directions (Barrett and
Swindell, 1981a, Cherry, Sorenson, and Phelps, 2012a). Typically, PET scanners are de-
signed around rings of detectors (Lewellen, 2008). The PET detectors detect the "back-to-
back" annihilation gamma rays. The near-simultaneous detection of the two annihilation
gamma rays allows PET to localize their origin along a line between the two detectors
-13-
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TABLE 2.3: Some examples of the fields to which Compton imaging is
applicable.
Field Reference(s)
Astronomy Schönfelder, Hirner, and Schneider, 1973,
Tanimori et al., 2015, Ichinohe et al., 2016,
Bloser et al., 2016,
Galloway, M. et al., 2018
Nuclear medicine Todd, Nightingale, and Everett, 1974,
Singh, 1983, Smith, 2015,
Conka Nurdan et al., 2015,
Fontana et al., 2017,
Hatsukawa et al., 2018,
Kataoka et al., 2018,
Gallego Manzano et al., 2018,
Shimazoe et al., 2018, Ida et al., 2019,
Nakano et al., 2019
Nuclear security and safety Takeda et al., 2015, Tomono et al., 2017,
Aucott, 2017, Vetter et al., 2018,
Ziock, 2018, Watanabe et al., 2018,
Goodman et al., 2018, Kim et al., 2018,
Kataoka et al., 2018,
Uenomachi et al., 2018,
Kim, Lee, and Lee, 2019
Hadrontherapy Krimmer et al., 2018, Lee et al., 2017,
Hueso-González et al., 2017,
Draeger et al., 2018, Barrio et al., 2018,
Huang and Jan, 2018, Kim, 2018,
Parajuli et al., 2019, Yao et al., 2019,
Mochizuki et al., 2019
Boron neutron capture therapy Lee, Lee, and Lee, 2015, Gong et al., 2017
Elemental analysis Chen et al., 2018
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TABLE 2.4: Some examples of the commercially available Compton cam-
eras.
Trade name Manufacturer Reference(s)
GREI Mirion Technologies (Canberra) Motomura et al., 2013
GeGI PHDS, Co. Dreyer, Burks, and Trombino, 2014
Gamma Catcher Hamamatsu Photonics K. K. Kishimoto et al., 2014,
Kataoka et al., 2015
Polaris-H H3D, Inc. Wahl et al., 2015
ASTROCAM Mitsubishi Heavy Industries, Ltd. Takeda et al., 2015
γI Fuji Electric Co., Ltd. Kagaya et al., 2015
Most of the commercially available Compton cameras are designed for
nuclear security and safety, especially motivated by the Fukushima Daiichi
nuclear power plant accident.
without collimators (Cherry, Sorenson, and Phelps, 2012b). The coincidence is deter-
mined by imposing an acceptance window on the time difference between the pair of
detection. Typically, the coincidence time window is a few nanoseconds wide (Lewellen,
2008). The PET technique can be used only with postron-emitting radionulcides such as
carbon-11, nitrogen-13, oxygen-15, fluorine-18, gallium-68, and rubidium-82 (Lewellen




Concept of targeted alpha therapy
imaging with high-energy gamma
rays
This chapter describes an excerpt of the applicated patent titled "Radiation source detec-
tion method" (Yamaguchi et al., 2018) as the concept of targeted alpha therapy imaging
with high-energy gamma rays.
The problem to be solved is to detect the position of an accumulated radiopharmaceutical
containing alpha-ray emitting radionuclides administered to a human body. Disclosed is
a radiation source detection method in which a radiation measuring device sensitive to
a gamma ray more than or equal to a predetermined energy detects gamma rays emitted
from a human body to which a radiopharmaceutical labeled with a radionuclide hav-
ing a decay process emitting an alpha ray and a gamma ray more than or equal to the
predetermined energy was administered and outputs the distribution or intensity of the
position of the radiation source of the gamma rays.
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3.1 Claims
1. Radiation source detection method in which a radiation measuring device sensi-
tive to a gamma ray more than or equal to a predetermined energy detects gamma
rays emitted from a human body to which a radiopharmaceutical labeled with a
radionuclide having a decay process emitting an alpha ray and a gamma ray more
than or equal to the predetermined energy was administered and outputs the dis-
tribution or intensity of the position of the radiation source of the gamma rays.
2. Radiation source detection method described in claim 1 in which the radionuclide
or its daughter radionuclide emits the first gamma ray and the second gamma ray
whose energy is different from that of the first gamma ray in which the energy of
the first gamma ray is more than or equal to the predetermined energy and the en-
ergy of the second gamma ray is more than or equal to the predetermined energy
and in which the radiation measuring device detects the first gamma rays and the
second gamma rays emitted from the human body to which the radiopharmaceuti-
cal was administered and outputs the distribution or intensity of the position of the
radiation source which emitted the first gamma rays and the second gamma rays
within a predetermined time period.
3. Radiation source detection method described in claim 1 in which the radionuclide
or its daughter radionuclide emits the first gamma ray and the second gamma ray
whose energy is different from that of the first gamma ray in which the energy of
the first gamma ray is more than or equal to the predetermined energy and the en-
ergy of the second gamma ray is more than or equal to the predetermined energy
and in which the radiation measuring device detects the first gamma rays and the
second gamma rays emitted from the human body to which the radiopharmaceuti-
cal was administered and outputs the distribution or intensity of the position of the
radiation source which emits the first gamma rays and the distribution or intensity
of the position of the radiation source which emits the second gamma rays.
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4. Radiation source detection method described in any one of claims 1–3 in which the
radionuclide is astatine-211.
5. Radiation source detection method described in any one of claims 1–4 in which the
radiation measuring device includes a Compton camera.
6. Radiation source detection method described in any one of claims 1–5 in which the
predetermined energy is 400 keV.
3.2 Description
The present invention relates to a radiation source detection method.
Targeted radiotherapy is a kind of radiotherapy. Targeted radiotherapy is a therapy to
administer a radiopharmaceutical labeled with a radioactive isotope that emits a radi-
ation with a short range such as a beta ray to a human body, to accumulate the radio-
pharmaceutical to the site of the therapeutic target (e.g., the site where malignant tumors
exist), and to concentrate the radiation effects only in the vicinity of the site of the ac-
cumulated radiopharmaceutical. This therapy exerts the therapeutic effect on the site of
the therapeutic target (i.e. lesion, typically malignant tumor) in a whole body and can
reduce systemic side effects due to radiopharmaceutical administration. That is, as com-
pared with radiotherapy for irradiating radiation from the outside of the body, a high
therapeutic effect can be expected for the patients that require a wide therapeutic range
(e.g., patients having multiple lesions, patients where systemic metastases are scattered,
and patients where micrometastases invisible in the images are suspected.
Incidentally, a therapy with anticancer agents (so-called chemotherapy) are known widely
as a method of treating cancers by administering agents systemically. Targeted radiother-
apy has an advantage of less side effects compared to the therapy with anticancer agents.
As radioisotopes to be labeled with in targeted radiotherapy, beta-ray emitting radionu-
clides has been utilized heretofore. In the use of beta-ray emitting radionuclides, highly
transmissive bremsstrahlung x rays are produced in the process where the beta rays
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are stopped in the vicinity of the therapeutic site and emitted outside the body passing
through the body and therefore the position and amount of the accumulated radiophar-
maceutical can be monitored by measuring the bremsstrahlung using such as a gamma
camera (Rong and Frey, 2013).
Recently, alpha-ray emitting radionuclides, which have higher concentration of the ra-
diation effects in the thrapeutic range, has been considered to be used as radioisotopes
to be labeled with in targeted radiotherapy in place of beta-ray emitting radionuclides.
Alpha rays have characteristics such as reducibility of the radiation effects on normal tis-
sues due to their short range and high biological effects (high linear energy transfer and
therefore strong damage to DNA in a cell).
However, the yield of bremsstrahlung x rays by alpha rays is by far less than that by beta
rays and therefore it is difficult to monitor the position and amount of the accumulated
radiopharmaceutical labeled with an alpha-ray emitting radionuclide by bremsstrahlung.
Although there is a method measuring low-energy x rays emitted from an alpha-ray
emitting radionuclide by an imaging device using mechanical collimators instead of
measuring bremsstrahlung x rays (Andersson et al., 2009), low-energy x rays are largely
affected by scattering and absorption by a human body. Therefore, it is difficult to moni-
tor the position and amount of the accumulated radiopharmaceutical precisely when the
position of the accumulated radiopharmaceutical (typically lesion) is located deeply in
the body.
The problem to be solved in the present invention is to detect the position and amount
of an accumulated radiopharmaceutical containing an alpha-ray emitting radionuclide
administered to a human body.
We adopt the following means to solve the above problem. That is, the first means is the
radiation source detection method in which a radiation measuring device sensitive to a
gamma ray more than or equal to a predetermined energy detects gamma rays emitted
from a human body to which a radiopharmaceutical labeled with a radionuclide hav-
ing a decay process emitting an alpha ray and a gamma ray more than or equal to the
-20-
3.2. Description
predetermined energy was administered and outputs the distribution or intensity of the
position of the radiation source of the gamma rays.
The disclosed means may be realized by executing a program by an information pro-
cessing device. That is, the configuration of the disclosed means can be specified as a
program to execute a process of the above means in an information processing device
or a computer-readable recording medium in which the program is recorded. The con-
figuration of the disclosed means may be specified by a method to execute a process
of the above means in an information processing device. The configuration of the dis-
closed means may be specified as a system containing an information processing device
to execute a process of the above means.
According to the present invention, it is possible to detect the position and amount of
an accumulated radiopharmaceutical containing an alpha-ray emitting radionuclide ad-
ministered to a human body with high precision.
Figure 3.1 shows a simplified decay scheme of astatine-211. Figure 3.2 shows an example
of the transmittance of an x ray and gamma rays in water. Figure 3.3 shows an operation
principle of a Compton camera contained in the radiation measuring device.
Hereinafter, the embodiment will be described with reference to the figures. The config-
uration in the embodiment below is an example and the configuration of the invention
is not limited to the specific configuration of the disclosed embodiment. In the practice




The present embodiment uses an alpha-ray emitting radionuclide as a radiation-emitting
radionuclide used in targeted radiotherapy. By administering a radiopharmaceutical
containing an alpha-ray emitting radionuclide that accumulates in a tumor, etc. in a
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human body, the radiopharmaceutical accumulates in the tumor. Since the radiopharma-
ceutical emits alpha rays, if you know the position where the alpha rays were emitted,
you can find the position where the radiopharmaceutical was accumulated. However,
since the range of alpha rays in a human body is short, it is difficult to detect the alpha
rays emitted by alpha-ray emitting radionuclides from the outside of the human body
directly.
Therefore, the present embodiment selects a radionuclide that may emit gamma rays as
an alpha-ray emitting radionuclide contained in the radiopharmaceutical. In general,
gamma rays have high transmittance in biological tissues and are less affected by scat-
tering and absorption by biological tissues. By detecting the position where the gamma
rays with such properties were emitted from the outside of the human body, it is possible
to find the position and amount of the accumulated radiopharmaceutical.
Targeted radiotherapy (targeted radionuclide therapy) achieves high effects not only in
the case when the therapeutic target (generally lesion, typically tumor, e.g., malignant
tumor) is localized but also in the case when the therapeutic target is spread in a wide
range (e.g., metastases scattered systemically, blood tumor, etc.). Therefore, the therapeu-
tic target in targeted radiotherapy by alpha-ray emitting radionuclides (typically tumor)
may exist in "the whole body" in the human body, and thus it is required to detect the
radiopharmaceutical accumulated even deeply in the human body appropriately.
For example, if the gamma rays emitted from the radiopharmaceutical can penetrate
body tissues with half the thickness (W/2) of the maximum value of the body thickness
(W) in the midsagittal plane, it is possible to detect the gamma rays emitted from the
radiopharmaceutical accumulated deeply in the body from the front or rear of the body.
Since the body thickness in the midsagittal plane for a typical adult man is approximately
23 cm at the maximum, the deepest position in the human body in the direction along the
sagittal plane is approximately 11.5 cm from the body surface. Therefore, if the gamma
rays emitted from the radiopharmaceutical can penetrate more than or equal to approx-
imately 11.5 cm in the body, it is possible to detect the position where the gamma rays
were emitted. Accordingly, in the present embodiment, for the penetration distance of
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the gamma rays emitted from the alpha-ray emitting radionuclide in body tissues, more
than or equal to 11.5 cm is appropriate and more than or equal to 12 cm (more preferably
more than or equal to 15 cm and more and more preferably more than or equal to 20 cm)
is preferable considering the individual difference of the patient (body mass index, etc.).
The present embodiment uses astatine-211 (211At) as an alpha-ray emitting radionuclide.
Astatine-211, which decays to a stable nucleus lead-207 (207Pb), emits alpha rays in the
decay process. Furthermore, astatine-211 may emit gamma rays in the decay process.
Figure 3.1 shows a simplified decay scheme of astatine-211. As shown in Fig. 3.1, the
decay process of astatine-211 has roughly two branches: one is via bismuth-207 (207Bi)
and the other is via polonium-211 (211Po).
The half-life of astatine-211 is 7.214 hours and the main decay process of astatine-211 is
divided into the following three branches.
211At → 207Bi + α
· · · (41.8%)
211At → 211Po
· · · (57.926%)
211At → 211Po∗ → 211Po + γ (687 keV)
· · · (0.274%)
Here, the third branch is via an excited state of polonium-211 (represented with a "*"
mark in the upper right) and a 687-keV gamma ray is emitted in the process of the tran-
sition to the ground state of polonium-211 (represented without the "*" mark).
Furthermore, polonium-211 produced by a decay of astatine-211 decays immediately
after the decay of astatine-211 because the half-life of polonium-211 is 0.516 s. The main
decay process of polonium-211 is divided into the following three branches.
211Po → 207Pb + α
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· · · (98.89%)
211Po → 207Pb∗ + α→ 207Pb + α + γ (898 keV)
· · · (0.544%)
211Po → 207Pb∗ + α→ 207Pb + α + γ (570 keV)
· · · (0.557%)
From the above, when the number of decayed astatine-211 is 1,000, approximately 1,000
alpha rays are emitted and the number of emitted 570-keV, 687-keV, and 898-keV gamma
rays are approximately 3, 3, and 3, respectively. Furthermore, if the radioactivity of
astatine-211 to be administered in targeted radiotherapy was approximately 1 GBq, the
number of gamma rays emitted in one second would be approximately 9 millions, which
can be sufficiently detected by conventional radiation measuring devices.
Figure 3.2 shows an example of the transmittance of an x ray and gamma rays in water.
The horizontal axis of Fig. 3.2 represents water thickness (cm) and the vertical axis rep-
resents the percentage of an x ray or gamma rays transmitted through the water (trans-
mittance) (%). The transmittance of x rays or gamma rays in water (1.0 g/cm3) is ap-
proximately the same as the transmittance of x rays and gamma rays in a human body.
Here, an example of the transmittance of a 78.5-keV x ray and 570-keV, 687-keV, and
898-keV gamma rays in water is shown. For example, if a radiation measurement device
is detectable with the transmittance of more than or equal to 30%, it can detect 570-keV
gamma rays up to 13.1 cm, 687-keV gamma rays up to 14.3 cm, and 898-keV gamma rays
up to 16.2 cm, while it can detect 78.5-keV x rays up to 6.5 cm. The larger the energy, the
deeper the position where the gamma rays are detectable.
For the alpha-ray emitting radionuclides used in the present embodiment, it is preferable
that the radionuclide (Np) or its daughter radionuclides (Nd) emit gamma rays, that the
ratio of the total number of gamma rays emitted by the radionuclide (Np) and its daugh-
ter radionuclides (Nd) to the number of decay of the radionuclide (Np) is more than or
equal to 0.01%, and that the energy of the emitted gamma rays is more than or equal to
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400 keV (more preferably more than or equal to 450 keV and more and more preferably
more than or equal to 500 keV). For example, it is preferable that the transmittance from
the source in the vicinity of the center of a human body is more than or equal to 20%
(more preferably more than or equal to 25%, more and more preferably more than or
equal to 30%, and particularly preferably more than or equal to 40%) to detect gamma
rays even in the case that the radionuclides exist in the vicinity of the center of the human
body to which the radiopharmaceutical is administered.
Furthermore, the time from the radiopharmaceutical administration to the accumula-
tion of the radionuclide to the target site (e.g., tumor, etc.) in targeted radiotherapy is,
although it varies depending on radionuclide carriers, roughly on the order of 3 to 12
hours. Therefore, for example, the radionuclide whose half-life is more than or equal to
30 minutes (more preferably more than or equal to 1 hour and more and more prefer-
ably more than or equal to 3 hours) is preferable. Moreover, the radionuclide whose
half-life is more than or equal to 4 hours (more preferably more than or equal to 5 hours)
is preferable considering the time lag between the preparation of a radiopharmaceutical
(production and labeling of the radionuclide) and the administration to a human body.
By contraries, the radionuclide whose half-life is too long may be difficult to deal with or
make the influence on a human body excessive. Therefore, for example, the radionuclide
whose half-life is less than or equal to one month (typically less than or equal to 28 days,
preferably less than or equal to 21 days, more preferably less than or equal to 14 days,
and more and more preferably less than or equal to 7 days) is preferable. Furthermore,
it is preferable that the radionuclide (Np) or its daughter radionuclides (Nd) emit alpha
rays, that the ratio of the total number of alpha rays emitted by the radionuclide (Np)
and its daughter radionuclides (Nd) to the number of decay of the radionuclide (Np) is
more than or equal to 1%, and that the energy of the emitted alpha rays is on the order
of 1 MeV to 100 MeV, to obtain a high therapeutic effect by alpha rays.
The half-life of astatine-211 is 7.214 hours and the energies of the alpha rays emitted by
the decay process are 5.869 MeV and 7.450 MeV.
The alpha-ray emitting radionuclides used in the present embodiment can be not only
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astatine-211 but also the other alpha-ray emitting radionuclides that satisfy the above
conditions. That is, a radionuclide can be used if alpha rays and gamma rays are emit-
ted when the radionuclide (Np) or its daughter radionuclides (Nd) decay. For example,
for the alpha-ray emitting radionuclide, it is preferable to satisfy one (preferably two and
more preferably all) of the conditions such that its half-life is from 30 minutes to 1 month,
that the radionuclide (Np) or its daughter radionuclides emit alpha rays when they de-
cays and the ratio of the total number of alpha rays emitted by the radionuclide (Np)
and its daughter radionuclides (Nd) to the number of decay of the radionuclide (Np) is
more than or equal to 1%, or that the energy of the emitted alpha rays is on the order of
1 MeV to 100 MeV. Furthermore, for the alpha-ray emitting radionuclide, it is preferable
to satisfy one (preferably both) of the conditions such that the ratio of the total number
of gamma rays emitted by the radionuclide (Np) and its daughter radionuclides (Nd)
to the number of decay of the radionuclide (Np) is more than or equal to 0.01% or that
the energy of the emitted gamma rays is more than or equal to 400 keV (more prefer-
ably more than or equal to 450 keV and more and more preferably more than or equal
to 500 keV). The radionuclides that satisfy these conditions are, for example, astatine-211
(211At), lead-212 (212Pb), radium-223 (223Ra), and terbium-149 (149Tb).
Radiation measuring device
The radiation measuring device used in the present embodiment is the device that has
sensitivity to gamma rays more than or equal to 400 keV and can image the distribution
and dose of the position of the radiation source of the gamma rays by estimating e.g., the
traveling direction of the gamma ray. An example of the radiation measuring devices
is radiation measuring devices including Compton cameras. The radiation measuring
device used in the present embodiment is not limited to the radiation measuring devices
including Compton cameras and the radiation measuring devices with other detection
methods may be used.
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Operation principle of a Compton camera
Figure 3.3 shows an operation principle of a Compton camera contained in the radiation
measuring device. The Compton camera in Fig. 3.3 uses two position-sensitive radiation
detectors as a scatterer and absorber and calculates the Compton scattering angle θ by
precisely measuring the position where a photon beam (e.g., gamma ray) is Compton-
scattered by the scatterer, the energy that is deposited to the scatterer, the position where
the scattered photon is thereafter photoelectrically absorbed by the absorber, and the en-
ergy that is deposited to the absorber. Compton cameras perform imaging of sources of
photon beams in a wide range of energy using the principle. Compton cameras do not re-
quire collimators in principle. Efficient measurement can be realized if a planar scatterer
and planar absorber are arranged parallel to each other. The shape and arrangement of
the scatterer and absorber are not limited to these.
The scattering angle θ can be calculated as follows.








Here, me represents the electron mass at rest, c represents the speed of light in vacuum,
E1 represents the energy deposited to an electron in the scatterer, and E2 represents the
energy of the photon absorbed in the absorber. The E1 means the energy that the photon
beam loses in the scatterer. The E1 + E2 means the energy that the radiation incident on
the Compton camera loses in the Compton camera. Here, when the radiation from the
radiation source is incident on the Compton camera, scattered by the scatterer, and ab-
sorbed by the absorber, E1 + E2 corresponds to the energy of the radiation emitted from
the radiation source. If the position where the photon is scattered (first position) and
the position where the scattered photon is absorbed (second position) are known, the
radiation source can be found to exist on a surface of the cone whose vertex is the first
position and where the angle between generating lines and the straight line connecting
the first position and the second position is θ. By detecting plural photons with different
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directions emitted from a single radiation source, it is possible to obtain plural cone sur-
faces that indicate the position where the radiation source may exist. The position where
the plural cone surfaces overlaps is determined to be the position of the radiation source.
The amount of photon beams emitted from a single source is proportional to the amount
of the radionuclide in the radiation source.
Influence and effect of the embodiment
Use of an alpha-ray emitting radionuclide that emits gamma rays such as astatine-211
as a label for a radiopharmaceutical makes gamma rays emitted from the site of the
accumulated radiopharmaceutical. High-energy gamma rays (e.g., more than or equal to
400 keV) have high transmittance for a human body. In other words, the probability that
a high-energy gamma ray emitted in a human body is emitted outside the body without
the influence of scattering and absorption is higher than the probability that a low-energy
gamma ray emitted in a human body is emitted outside the body without the influence
of scattering and absorption. Use of a radiation measuring device including a Compton
camera that is sensitive to high-energy gamma rays as a device for measuring the gamma
rays emitted outside a body enables the detection of the gamma rays and determination
of the incoming direction of the gamma rays (position of the radiation source). Thus, the
determination of the position or intensity of the radiation source of gamma rays enables
precise measurement of the position or amount of the accumulated radiopharmaceutical
containing an alpha-ray emitting radionuclide.




FIGURE 3.1: Simplified decay scheme of astatine-211. The half-life of
astatine-211 is 7.214 hours. Astatine-211 decays either directly by alpha
decay to 207Bi followed by electron capture decay to stable 207Pb, or by
electron capture decay to 211Po followed by alpha decay to 207Pb.
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FIGURE 3.2: Example of the transmittance of an x ray and gamma rays
in water. The horizontal axis represents water thickness (cm) and the ver-
tical axis represents the percentage of an x ray or gamma rays transmit-
ted through the water (transmittance) (%). The transmittance of x rays or
gamma rays in water (1.0 g/cm3) is approximately the same as the trans-
mittance of x rays and gamma rays in a human body. Here, an example of
the transmittance of a 78.5-keV x ray and 570-keV, 687-keV, and 898-keV
gamma rays in water is shown. For example, if a radiation measurement
device is detectable with the transmittance of more than or equal to 30%, it
can detect 570-keV gamma rays up to 13.1 cm, 687-keV gamma rays up to
14.3 cm, and 898-keV gamma rays up to 16.2 cm, while it can detect 78.5-
keV x rays up to 6.5 cm. The larger the energy, the deeper the position
where the gamma rays are detectable.
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FIGURE 3.3: Operation principle of a Compton camera contained in the
radiation measuring device. The Compton camera uses two position-
sensitive radiation detectors as a scatterer and absorber and calculates the
Compton scattering angle θ by precisely measuring the position where a
photon beam (e.g., gamma ray) is Compton-scattered by the scatterer, the
energy that is deposited to the scatterer, the position where the scattered
photon is thereafter photoelectrically absorbed by the absorber, and the
energy that is deposited to the absorber. Compton cameras perform imag-
ing of sources of photon beams in a wide range of energy using the prin-
ciple. Compton cameras do not require collimators in principle. Efficient
measurement can be realized if a planar scatterer and planar absorber are




Development of a cost-effective
Compton camera
Compton cameras have the capability of imaging gamma rays with a wide range of en-
ergies. Since sensitivity of Compton cameras decreases with increase in gamma-ray en-
ergy generally (Odaka et al., 2010), high sensitivity is required to image astatine-211. Al-
though Compton cameras using semiconductor detectors (Motomura et al., 2013, Dreyer,
Burks, and Trombino, 2014, Wahl et al., 2015, Takeda et al., 2015, Vetter et al., 2018, Gal-
loway, M. et al., 2018) have potential for good energy and angular resolutions, they are
much expensive. Alternatively, Compton cameras using inorganic scintillators have po-
tential for high sensitivity at relatively low cost (Lee and Lee, 2010, Kataoka et al., 2013,
Kagaya et al., 2015).
In this chapter, I developed a cost-effective Compton camera using high-sensitive in-
organic scintillators and a commercially available DAQ system for a PET camera. I per-
formed imaging experiments of a manganese-54 point source to demonstrate the imaging
capability for the camera. Most of this chapter is based on Nagao et al., 2018b.
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4.1 Materials and methods
4.1.1 Compton camera
Figure 4.1 shows a schematic cross section and a photograph of the Compton camera
head. The camera head consists of two detectors: a scatterer and absorber. The scintilla-
tor material of both the detectors is cerium-doped gadolinium aluminum gallium garnet
(GAGG) (Furukawa Co., Ltd.) with the density of 6.5 g/cm3 (Iwanowska et al., 2013).
The scatterer is a 20.8-mm× 20.8-mm× 5-mm GAGG array block coupled to a silicon
photomultiplier (SiPM) S11064-050P (Hamamatsu Photonics K. K.). Figure 4.2 shows a
making process of the scatterer. The GAGG array block of the scatterer was coupled to
the SiPM by optical grease. Then the scatterer was shielded by optical tape. The absorber
is a 41.7-mm× 41.7-mm× 10-mm GAGG array block coupled to a flat-panel-type mul-
tianode PMT H12700MOD (Hamamatsu Photonics K. K.). Figure 4.3 shows a making
process of the absorber. The GAGG array block of the absorber was coupled to the PMT
by optical grease. Then the absorber was shielded by optical tape. The distance between
the front ends of the two GAGG array blocks is 15 mm.
Scatterer
The GAGG array block of the scatterer was partitioned into a 22× 22 matrix with 0.1-
mm-thick barium sulfate reflectors. The size of a single GAGG element of the scatterer is
0.85 mm× 0.85 mm× 5 mm. Figure 4.4 shows a 2D position histogram of the scatterer.
The size of the histogram is 512 × 512 channels. From the 2D position histogram of
the scatterer, 14× 14 spots were extracted. Figure 4.5 shows the extracted spots of the
scatterer. From the extracted 14 × 14 spots of the scatterer, the 2D position histogram
of the scatterer was partitioned into 14× 14 regions by the Voronoi partition. Figure 4.6
shows the partitioned 2D position histogram of the scatterer. Since the size of the SiPM
is 16.5 mm× 15.2 mm and smaller than that of the GAGG array block of the scatterer, the
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(A)
(B)
FIGURE 4.1: (A) Schematic cross section and (B) photograph of the Comp-
ton camera head. The camera head consists of two detectors: a scatterer
and absorber. The scintillator material of both the detectors is cerium-
doped GAGG (Furukawa Co., Ltd.) with the density of 6.5 g/cm3. The
scatterer is a 20.8-mm× 20.8-mm× 5-mm GAGG array block coupled to a
SiPM S11064-050P (Hamamatsu Photonics K. K.). The absorber is a 41.7-
mm× 41.7-mm× 10-mm GAGG array block coupled to a flat-panel-type
multianode PMT H12700MOD (Hamamatsu Photonics K. K.). The dis-
tance between the front ends of the two GAGG array blocks is 15 mm.
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(A) (B)
(C) (D)
FIGURE 4.2: Making process of the scatterer. (A), (B) Coupling between
the GAGG array block of the scatterer and the SiPM by optical grease. (C),
(D) Shielding of the scatterer by optical tape. The GAGG array block of
the scatterer was coupled to the SiPM by optical grease. Then the scatterer
was shielded by optical tape.
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(A) (B)
(C) (D)
FIGURE 4.3: Making process of the absorber. (A), (B) Coupling between
the GAGG array block of the absorber and the PMT by optical grease. (C),
(D) Shielding of the absorber by optical tape. The GAGG array block of
the absorber was coupled to the PMT by optical grease. Then the absorber
was shielded by optical tape.
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2D position histogram of the scatterer was partitioned into only 14× 14 regions and thus
I used the inner 12× 12 regions to distinguish each GAGG element.
The SiPM was operated at 72 V. The energy of each region corresponding to each GAGG
element of the scatterer was calibrated at 25°C in a thermostat using point sources at
122 keV (from europium-152) and 356 keV (from barium-133). The calibration curve
for the energy of each region of the scatterer was made by third-order spline interpola-
tion. Figure 4.7(A) shows an example of a calibration curve for the energy of a region
of the scatterer. Figure 4.8(A) shows a calibrated energy spectrum of the scatterer us-
ing a europium-152 point source. The size of each bin is 1 keV. The red solid curve in
Fig. 4.8(A) represents the fitting curve (Gaussian + linear function). The energy resolu-
tion of the scatterer in full width at half-maximum (FWHM) is 23 keV (19%) at 122 keV
and 36 keV (10%) at 356 keV.
Figure 4.9 shows a temperature dependence of the signal amplitude of the SiPM. The
temperature coefficient for the signal amplitude of the SiPM was measured as−15%/°C,
which is by far larger than that in another report (Seitz, Campos Rivera, and Stewart,
2016). The energy of the scatterer was corrected according to the measured temperature
of air around the camera.
Absorber
The GAGG array block of the absorber was partitioned into a 44× 44 matrix with 0.1-
mm-thick barium sulfate reflectors. The size of a single GAGG element of the absorber is
0.85 mm× 0.85 mm× 10 mm. Figure 4.10 shows a 2D position histogram of the absorber.
The size of the histogram is 512 × 512 channels. From the 2D position histogram of
the absorber, 44× 44 spots were extracted. Figure 4.11 shows the extracted spots of the
absorber. From the extracted 44× 44 spots of the absorber, the 2D position histogram of
the absorber was partitioned into 44× 44 regions by the Voronoi partition. Figure 4.12
shows the partitioned 2D position histogram of the absorber. The 2D position histogram
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FIGURE 4.4: 2D position histogram of the scatterer. The size of each his-
togram is 512× 512 channels. The GAGG array block of the scatterer was
partitioned into a 22× 22 matrix with 0.1-mm-thick barium sulfate reflec-
tors. The size of a single GAGG element of the scatterer is 0.85 mm× 0.85
mm× 5 mm.
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FIGURE 4.5: Extracted spots of the scatterer. From the 2D position his-
togram of the scatterer, only 14× 14 spots were extracted because the size
of the SiPM is 16.5 mm × 15.2 mm and smaller than that of the GAGG
array block of the scatterer.
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FIGURE 4.6: Partitioned 2D position histogram of the scatterer. The 2D
position histogram of the scatterer was partitioned into 14× 14 regions by
the Voronoi partition from the extracted 14× 14 spots of the scatterer.
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(A)
(B)
FIGURE 4.7: (A) Example of a calibration curve for the energy of a region of
the scatterer by third-order spline interpolation. The calibrated points are
122 keV and 356 keV. (B) Example of a calibration curve for the energy of a
region of the absorber by third-order spline interpolation. The calibrated
points are 81 keV, 122 keV, and 835 keV.
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h0
Entries    2.191617e+07
Mean    101.4
Std Dev      84.6

















Entries     5.2986e+07
Mean    436.8
Std Dev     267.2
















FIGURE 4.8: (A) Calibrated energy spectrum of the scatterer using a
europium-152 point source. (B) Calibrated energy spectrum of the ab-
sorber using a manganese-54 point source. The size of each bin is 1 keV.
The red solid curves represent the fitting curves (Gaussian + linear func-
tion). The energy resolution of the scatterer in FWHM is 23 keV (19%) at
122 keV. The energy resolution of the absorber in FWHM is 100 keV (12%)
at 835 keV.
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FIGURE 4.9: Temperature dependence of the signal amplitude of the
SiPM. The temperature coefficient for the signal amplitude of the SiPM
is −15%/°C.
of the absorber was partitioned into 44 × 44 spots appropriately corresponding to the
GAGG elements.
The PMT was operated at −860 V. The high voltage value applied to the PMT was deter-
mined so that a photoelectric absorption peak of 835-keV gamma rays from manganese-
54 did not saturate. The energy of each region corresponding to each GAGG element
of the absorber was calibrated using point sources at 81 keV (from barium-133), 122
keV (from europium-152), and 835 keV (from manganese-54). The calibration curve
for the energy of each region of the absorber was made by third-order spline interpo-
lation. Figure 4.7(B) shows an example of a calibration curve for the energy of a region
of the absorber. Figure 4.8(B) shows a calibrated energy spectrum of the absorber us-
ing a manganese-54 point source. The size of each bin is 1 keV. The red solid curve in
Fig. 4.8(B) represents the fitting curve (Gaussian + linear function). The energy resolu-
tion of the absorber in FWHM is 24 keV (30%) at 81 keV and 100 keV (12%) at 835 keV.
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FIGURE 4.10: 2D position histogram of the absorber. The size of each his-
togram is 512× 512 channels. The GAGG array block of the absorber was
partitioned into a 44× 44 matrix with 0.1-mm-thick barium sulfate reflec-
tors. The size of a single GAGG element of the absorber is 0.85 mm× 0.85
mm× 10 mm.
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FIGURE 4.11: Extracted spots of the absorber. From the 2D position his-
togram of the absorber, 44× 44 spots were appropreately extracted corre-
sponding to the GAGG elements.
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FIGURE 4.12: Partitioned 2D position histogram of the absorber. The 2D
position histogram of the absorber was partitioned into 44× 44 regions by
the Voronoi partition from the extracted 44× 44 spots of the absorber.
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DAQ system and data processing
A commercially available DAQ system (Espec Test System Corp.; Mashino and Yamamoto,
2007), which is utilized for PET (Yamamoto et al., 2007a, Yamamoto et al., 2007b, Ya-
mamoto et al., 2011, Yamaya et al., 2011, Yoshida et al., 2012, Yoshida et al., 2013, Tashima
et al., 2016, Kurita et al., 2019) and gamma cameras (Yamamoto, Matsumoto, and Senda,
2006, Yamamoto et al., 2014, Kawachi et al., 2016), was diverted to the DAQ system of
the Compton camera. Figure 4.13 shows a schematic diagram of the DAQ system and
a photograph of the circuit board and rack in the DAQ system. The DAQ system con-
sists of gain control amplifiers, weighted-summing amplifiers, 100-MHz free-running
analog-to-digital (AD) converters, a field-programmable gate array (FPGA), and a per-
sonal computer (PC). The 4× 4 signals from the SiPM were fed to weighted-summing
amplifiers. The 8× 8 signals from the PMT were fed to gain control amplifiers to tune
gain variations, before fed to weighted-summing amplifiers. Figure 4.14 shows a pho-
tograh of the gain control amplifiers and the anode uniformity map of the PMT. Since
the ratio of the maximum anode output and the minimum anode output of the PMT is
2.7, gain control is necessary. The weighted-summed signals of both the detectors were
fed to AD converters. The converted signals were integrated to calculate raw position
and energy data in the FPGA. The FPGA also detected coincidences of the two detector
signals in a time window of ±160 ns. Each coincidence event was recorded in list mode.
Unlike a PET DAQ system, the FPGA was modified not to check position and energy
look-up tables but to record raw position and energy data without energy discrimina-
tion. Figure 4.15 shows a schematic diagram of data processing. Firstly, acquired raw
position and energy data were converted into real position and energy data using geom-
etry, position map, and calibration data, followed by energy correction of the scatterer
using temperature data. Secondly, energy discrimination was applied to select events
for image reconstruction. Lastly, images were reconstructed as described below (see sec-
tion 4.1.2). The programs for data processing were newly developed and mainly written
in C++ using ROOT (Brun and Rademakers, 1997) libraries. A part of the programs that
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(A)
(B)
FIGURE 4.13: (A) Schematic diagram of the DAQ system and (B) photo-
graph of the circuit board and rack in the DAQ system. The DAQ system
consists of gain control amplifiers, weighted-summing amplifiers, 100-
MHz free-running AD converters, a FPGA, and a PC. The 4 × 4 signals
from the SiPM were fed to weighted-summing amplifiers. The 8× 8 sig-
nals from the PMT were fed to gain control amplifiers that tuned gain
variations, before fed to weighted-summing amplifiers. The weighted-
summed signals of both the detectors were fed to AD converters. The
converted signals were integrated to calculate raw position and energy
data in the FPGA.
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(A)
(B)
FIGURE 4.14: (A) Photograph of the gain control amplifiers and (B) anode
uniformity map of the PMT from a top view. Since the ratio of the maxi-
mum anode output and the minimum anode output of the PMT is 2.7, gain
control is necessary. The 8× 8 signals from the PMT are fed to gain con-
trol amplifiers to tune gain variations, before fed to weighted-summing
amplifiers.
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FIGURE 4.15: Schematic diagram of data processing. Firstly, acquired
raw position and energy data were converted into real position and en-
ergy data using geometry, position map, and calibration data, followed by
energy correction of the scatterer using temperature data. Secondly, en-
ergy discrimination was applied to select events for image reconstruction.
Lastly, images were reconstructed as described in section 4.1.2.
processes file conversion from raw data to ROOT files was written in C++ and Fortran
by Dr. Mitsutaka Yamaguchi from National Institutes for Quantum and Radiological
Science and Technology (QST).
4.1.2 Image reconstruction algorithm
The selected events were imaged by both the backprojection and listmode maximum-
likelihood expectation-maximization (MLEM) algorithm (Parra and Barrett, 1998, Wil-
derman et al., 1998).
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Backprojection algorithm


























where λBPj represents the backprojected image intensity in the j-th image pixel, σBP rep-
resents the Gaussian standard deviation of angular blurring in backprojection, θKi rep-
resents the kinematic scattering angle in the i-th event, θGij represents the geometrical
scattering angle from the j-th pixel in the i-th event, mec2 represents the electron mass
energy, and Eabsi and E
sca
i represent the deposited energies in the absorber and scatterer
in the i-th event, respectively. The σBP was set at 5°. This algorithm is essentially equiva-
lent to "uniformly enlarged projection" in Takeda et al., 2012.
MLEM algorithm





















where λlj represents the l-th MLEM image intensity in the j-th pixel, sj represents the
probability that a gamma ray emitted from the j-th pixel is detected, tij represents the
probability that a gamma ray emitted from the j-th pixel give rise to the i-th event,
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V(θ; σ, Γ) represents the Voigt function with respect to θ with the following two param-
eters: the Gaussian standard deviation (σ) and the Lorentzian FWHM (Γ), rj represents
the distance between the j-th pixel and the scattering position, and r0 represents the dis-
tance between the image and scattering planes. The initial image (λ0j ) was set at unity
for all the image pixels. The values of σ and Γ were determined by fitting angular dif-
ference (θK − θG) distribution with the Voigt function for each point-source experiment
as described below (see section 4.1.3 and Fig. 4.17 in section 4.2). The θK represents the
kinematic scattering angle and θG represents the geometrical scattering angle.
4.1.3 Experiments
To test imaging capability for the camera, first, a 59-kBq point source of manganese-54
was placed at 3 cm in front of the center of the camera and measured for 1,000 s. Second,
the source was shifted off the center by 2 cm and measured for 1,000 s. Figure 4.16 shows
a schematic diagram of the experimental setup. The energy window for the sum of the
deposited energies in the scatterer and absorber was set at 835 keV± 35 keV.
4.2 Results
The 3,300 and 2,394 events were obtained in the energy window in the first and second
measurements, respectively. Figure 4.17 shows the angular difference (θK− θG) distribu-
tions in the first and second measurements. The θK represents the kinematic scattering
angle and θG represents the geometrical scattering angle. The red solid curves represent
the fitting curves by the Voigt function. The values of angular resolution in FWHM were
16.9° in the first measurement and 13.5° in the second measurement.
Figure 4.18 shows the 2D spectrum of the deposited energy in the scatterer vs. that in the
absorber in the first experimental measurement. The size of each bin is 10 keV× 10 keV.
Figure 4.19 shows the spectra of the sum of the deposited energies in the scatterer and
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FIGURE 4.16: Schematic diagram of the experimental setup of a
manganese-54 point source from a side view.
absorber in the first and second experimental measurements. The size of each bin is 10
keV.
Figure 4.20 shows the backprojected image in each measurement. The size of each im-
age is 128 mm× 128 mm with 4-mm× 4-mm pixels. Each pixel value is normalized so
that the maximum pixel value in Fig. 4.20(A) is equal to unity. Each source was clearly
imaged, and the 2-cm shift was consistently reproduced.
Figure 4.21 shows the MLEM image in the tenth iteration in each measurement. The
size of each image is 128 mm × 128 mm with 4-mm × 4-mm pixels. Each pixel value
is normalized so that the maximum pixel value in Fig. 4.21(A) is equal to unity. Each
MLEM image in Fig. 4.21 was improved in both spatial resolution and background noise





FIGURE 4.17: Angular difference (θK − θG) distributions in the measure-
ments of a manganese-54 point source (A) at the center of the camera and
(B) off the center. The θK represents the kinematic scattering angle and θG
represents the geometrical scattering angle. The red solid curves represent
the fitting curves by the Voigt function. The values of angular resolution
in FWHM were (A) 16.9° and (B) 13.5°.
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FIGURE 4.18: 2D spectrum of the deposited energy in the scatterer vs. that
in the absorber in the measurement of a manganese-54 point source at the
center of the camera. The size of each bin is 10 keV× 10 keV.
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FIGURE 4.19: Spectra of the sum of the deposited energy in the scatterer
and absorber in the measurements of a manganese-54 point source at the
center of the camera (solid line) and off the center (dashed line). The size
of each bin is 10 keV.
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(A)
(B)
FIGURE 4.20: Backprojected images of a manganese-54 point source (A) at
the center of the camera (x = 0 mm) and (B) off the center (x = 20 mm).
The size of each image is 128 mm× 128 mm with 4-mm× 4-mm pixels.






FIGURE 4.21: MLEM images of a manganese-54 point source (A) at the
center of the camera (x = 0 mm) and (B) off the center (x = 20 mm) in
the tenth iteration. The size of each image is 128 mm× 128 mm with 4-
mm× 4-mm pixels. Each pixel value is normalized so that the maximum
pixel value in (A) is equal to unity.
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4.3 Discussion
The sensitivity of the camera is 5.6× 10−5 at 3 cm in front of the center of the camera. It
decreases to 4.1× 10−5 off the center by 2 cm. The ratio (2-cm shift/center) is 0.725 with
the Poisson standard deviation (1σ) of 0.019, which is consistent with the value of sj in
MLEM (0.692) in 2σ.
As shown in Fig. 4.17, the experimental result shows that the angular resolution of the
camera was worse at the center of the camera than off the center. This might be be-
cause the camera cannot detect small-angle scattering events (e.g. less than 10° in case
of 835-keV gamma rays) due to a relatively high energy threshold of the scatterer (20
keV). When the source lies in front of the center of the camera, small-angle scattering
events tend to have better angular resolution because scattered gamma rays are absorbed
directly under the scatterer, which leads to better spatial resolution of the axes of the
Compton cones. On the other hand, when the source lies off the center of the camera, the
scattering angles of such better angular resolution events are relatively large, and thus
the camera can detect such events.
When compared with other scintillator-based Compton cameras, the values of angular
resolution (13.5°–16.9°) of the developed camera are by far worse than the best value (4.5°
at 662 keV; Kishimoto et al., 2017a), but comparable with the value of a commercially
available Compton camera (13°–14° at 662 keV; Kishimoto et al., 2014, Kataoka et al.,
2015).
The peak height in Fig. 4.21(B) is lower than that in Fig. 4.21(A). This might be due to
the implemantation of the MLEM algorithm, where the sensitivity map sj in equation 4.5
in section 4.1.2 might be somewhat rough approximation. This might be improved by



























where dω1 represents an infinitesimal solid angle subtended at the center of the j-th pixel
by an infinitesimal rectangle in the scatterer, n1 represents the electron number density
of the scatterer material, σtot1 represents the total cross section of the scatterer material for
the incident gamma ray, t1 represents the thickness of the scatterer along the direction
of the incident gamma ray, dω2 represents an infinitesimal solid angle subtended at a
scattering point by an infinitesimal rectangle in the absorber, dσComp1 /dΩ represents the
Compton scattering cross section of the scatterer material for the incident gamma ray,
θ(E) represents the unit step function with respect to E, Emin1 represents the minimum
energy deposition at the scatterer, Emax1 represents the maximum energy deposition at
the scatterer, n2 represents the electron number density of the absorber material, σtot2
represents the total cross section of the absorber material for the scattered gamma ray, t2
represents the thickness of the absorber along the direction of the scattered gamma ray,
and σabs2 represents the photoabsorption cross section of the absorber material for the
scattered gamma ray (Sakai et al., 2018).
The developed camera costed US$52,000. This is half the lowest price of commercially
available Compton cameras. As shown in Fig. 4.13, the rack of the DAQ system can
accommodate eight circuit boards, but the camera uses only one circuit board. There-





Astatine-211 imaging by a Compton
camera
In this chapter, I performed imaging experiments of a point-like astatine-211 source us-
ing the Compton camera described in Chapter 4 to demonstrate the capability of imaging
astatine-211 with the high-energy gamma rays. I also performed Monte Carlo simula-
tions to analyze the experimental results. Most of this chapter is based on Nagao et al.,
2018a.
5.1 Materials and methods
5.1.1 Production of astatine-211
Astatine-211 was produced via the 209Bi(α, 2n)211At reaction using the cyclotron of Takasaki
Ion Accelerators for Advanced Radiation Application (TIARA) in Takasaki Advanced
Radiation Research Institute, QST. The 4He2+ beams were degraded by a 0.4-mm alu-
minum plate, and a bismuth metal target (10 mm× 10 mm× 0.25 mm) was bombarded
with incident energy of 28.1 MeV and beam current of 3 µA for 3 h (Ogawa et al., 2015).
The irradiated target was dissolved in 0.5 mL of concentrated nitric acid. A 0.125-mL
portion of nitric acid containing 20 MBq of astatine-211 in a 0.5-mL conical vial was used
as a point-like source. The source was prepared by Dr. Shigeki Watanabe from QST.
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5.1.2 Experimental setup
To test capability of imaging astatine-211 with the high-energy gamma rays, first, the
source (17.9 MBq at the measurement start) was placed at 3 cm in front of the center of
the camera (strictly, the center of the source was vertically lower by 1 cm than the center
of the camera) and measured for 600 s. Second, the source (16.6 MBq at the measurement
start) was shifted off the center horizontally by 2 cm and measured for 600 s. Figure 5.1
shows a photograph and schematic diagram of the experimental setup.
5.1.3 Image reconstruction
The ±9% energy window was used for each gamma-ray energy: 570 keV± 53 keV, 687
keV± 64 keV, and 898 keV± 84 keV. Each data was imaged by both the backprojection
and MLEM algorithm as described in section 4.1.2. The size of each image was set at 128
mm× 128 mm with 4-mm× 4-mm pixels.
5.1.4 Simulation
Monte Carlo simulations were performed using the Particle and Heavy Ion Transport
code System (PHITS; Sato et al., 2013, Iwamoto et al., 2017, Sato et al., 2018) version 2.96
to analyze the experimental results. A user-defined tally named "listmode utally," which
was developed by Dr. Mitsutaka Yamaguchi from QST, was used to record data in list
mode (Yamaguchi, Nagao, and Kawachi, 2019).
Two monolithic GAGG blocks representing the scatterer and absorber were irradiated
with 79-keV and 90-keV x rays and 570-keV, 687-keV, and 898-keV gamma rays from
two points as shown in Fig. 5.1(B). With respect to Po K-shell x rays, 77-keV–79-keV Kα
and 89-keV–92-keV Kβ x rays were represented by 79-keV Kα1 and 90-keV Kβ1 x rays,
respectively. The number of emitted 570-keV, 687-keV, and 898-keV gamma rays was the
same as that in the experiment. The number of emitted 79-keV and 90-keV x rays was a
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(A)
(B)
FIGURE 5.1: (A) Photograph of the experimental setup of a point-like
astatine-211 source and the Compton camera head from a side view. (B)
Schematic diagram of the setup from a top view.
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tenth of that in the experiment, and the number of detected counts in each detector was
multiplied by ten.
Energy deposition information (total deposited energy and energy-weighted position)
in each detector was recorded in list mode. Energy data were blurred with the Gaussian
standard deviation using the following formula (Shi et al., 2002, Berger and Seltzer, 1972):
σ(E) = aEb, (5.1)
where σ(E) represents the Gaussian standard deviation with respect to energy E and a
and b represent parameters. This function form is justified also in this case by the al-
most linear relationship between log σ(E) and log E for GAGG (Iwanowska et al., 2013,
Sakthong et al., 2014, Sibczynski et al., 2015). The parameters were determined experi-
mentally for each detector using the energy resolution values described in section 4.1.1.
The events whose positions exist in 12 × 12 pixel positions in the scatterer and 44 ×
44 pixel positions in the absorber were selected for analysis because the experimental
GAGG blocks were partitioned with reflectors as described in section 4.1.1.
5.2 Results
Figure 5.2 shows the 2D spectrum of the deposited energy in the scatterer vs. that in the
absorber in the first experimental measurement. The size of each bin is 10 keV× 10 keV.
Figure 5.3 shows the spectra of the sum of the deposited energies in the scatterer and
absorber in the first and second experimental measurements. The size of each bin is 10
keV.
Table 5.1 shows the number of coincidence events used in image reconstruction in each
energy window and each simulation or experimental measurement. The emission inten-
sity (per astatine-211 decay) of 77-keV–92-keV x rays is from Turkington et al., 1993 and
Lambrecht and Mirzadeh, 1985. The emission intensities (per astatine-211 decay with
polonium-211 in equilibrium) of 570-keV, 687-keV, and 898-keV gamma rays are from
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FIGURE 5.2: 2D spectrum of the deposited energy in the scatterer vs. that
in the absorber in the experimental measurement of an astatine-211 source
at the center of the camera. The size of each bin is 10 keV× 10 keV.
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(A)
(B)
FIGURE 5.3: (A) Spectra of the sum of the deposited energy in the scatterer
and absorber in the experimental measurements of an astatine-211 source
at the center of the camera (solid line) and off the center (dashed line). (B)
Vertically enlarged spectra of (A). The size of each bin is 10 keV.
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TABLE 5.1: Number of coincidence events used in image reconstruction in
each energy window and each simulation or experimental measurement.
Energy Emission Energy Number of coincidence events
intensity window at the center off the center
(keV) (%) (keV) Experiment Simulation Experiment Simulation
77–92 45.3 60–100 86,800 1,057,555 80,743 605,809
570 0.32 517–623 4,247 6,149 4,363 4,331
687 0.26 623–751 3,375 4,712 3,457 3,290
898 0.33 814–982 1,528 3,910 1,597 2,860
The emission intensity (per astatine-211 decay) of 77-keV–92-keV x rays is
from Turkington et al., 1993 and Lambrecht and Mirzadeh, 1985. The emis-
sion intensities (per astatine-211 decay with polonium-211 in equilibrium)
of 570-keV, 687-keV, and 898-keV gamma rays are from Singh et al., 2013
and Kondev and Lalkovski, 2011. The energy window at 77 keV–92 keV
was set for the deposited energy in each detector. The energy windows
at 570 keV, 687 keV, and 898 keV were set for the sum of the deposited
energies in the scatterer and absorber. The number of coincidence events
in the energy window at 77 keV–92 keV in each simulation measurement
was estimated from the single events in each detector and the Poisson dis-
tribution.
Singh et al., 2013 and Kondev and Lalkovski, 2011. The energy window at 77 keV–92
keV was set for the deposited energy in each detector. The energy windows at 570 keV,
687 keV, and 898 keV were set for the sum of the deposited energies in the scatterer and
absorber. The number of coincidence events in the energy window at 77 keV–92 keV
in each simulation measurement was estimated from the single events in each detector
and the Poisson distribution. Table 5.2 shows the single and coincidence count rates av-
eraged over the measurement time in each experimental measurement. The cps is an
abbreviation for count per second.
Figure 5.4 shows the backprojected images in each energy window in the first experimen-
tal and simulation mesurements. Each pixel value is normalized so that the maximum
pixel value in each image is equal to unity. Figure 5.5 shows the backprojected images
in each energy window in the second experimental and simulation mesurements. Each
pixel value is normalized so that the maximum pixel value in each image in Fig. 5.4 is
equal to unity.
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(A) Backprojection; experiment; 570 keV (B) Backprojection; simulation; 570 keV
(C) Backprojection; experiment; 687 keV (D) Backprojection; simulation; 687 keV
(E) Backprojection; experiment; 898 keV (F) Backprojection; simulation; 898 keV
FIGURE 5.4: (Left) Backprojected images in the experimental measure-
ment of a point-like astatine-211 source at the center of the camera (x = 0
mm) in the energy windows at (A) 570 keV, (C) 687 keV, and (E) 898 keV.
(Right) Backprojected images in the simulation measurement of a point-
like astatine-211 source at the center of the camera (x = 0 mm) in the en-
ergy windows at (B) 570 keV, (D) 687 keV, and (F) 898 keV. Each pixel value




(A) Backprojection; experiment; 570 keV (B) Backprojection; simulation; 570 keV
(C) Backprojection; experiment; 687 keV (D) Backprojection; simulation; 687 keV
(E) Backprojection; experiment; 898 keV (F) Backprojection; simulation; 898 keV
FIGURE 5.5: (Left) Backprojected images in the experimental measure-
ment of a point-like astatine-211 source off the center of the camera (x =
−20 mm) in the energy windows at (A) 570 keV, (C) 687 keV, and (E) 898
keV. (Right) Backprojected images in the simulation measurement of a
point-like astatine-211 source off the center of the camera (x = −20 mm)
in the energy windows at (B) 570 keV, (D) 687 keV, and (F) 898 keV. Each
pixel value is normalized so that the maximum pixel value in each image
in Fig. 5.4 is equal to unity.
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TABLE 5.2: Single and coincidence count rates averaged over the measure-
ment time in each experimental measurement.
Count rate (cps*)
at the center off the center
Single (scatterer) 31,404 29,944
Single (absorber) 34,370 54,003
Coincidence 710 669
*The cps is an abbreviation for count per second.
Figure 5.6 shows the MLEM images in the tenth iteration in each energy window in the
first experimental and simulation mesurements. Each pixel value is normalized so that
the maximum pixel value in each image is equal to unity. Figure 5.7 shows the MLEM
images in the tenth iteration in each energy window in the second experimental and
simulation mesurements. Each pixel value is normalized so that the maximum pixel
value in each image in Fig. 5.6 is equal to unity.
Figure 5.8 shows the x profile of each image in Fig. 5.4. The y value of each profile is
selected so that the profile includes the pixel that has the maximum value in each image.
The red solid curve in Fig. 5.8 represents the fitting curve for each profile. The dashed
curve in Fig. 5.8 represents the background component (constant + Gaussian) deduced
by the fitting of each y profile. Figure 5.9 shows the x profile of each image in Fig. 5.6.
The y value of each profile is selected so that the profile includes the pixel that has the
maximum value in each image. The red solid curve in Fig. 5.9 represents the fitting curve
(Gaussian or Lorentzian + background component) for each profile. The dashed curve
in Fig. 5.9 represents the background component (constant + Gaussian) deduced by the




(A) MLEM; experiment; 570 keV (B) MLEM; simulation; 570 keV
(C) MLEM; experiment; 687 keV (D) MLEM; simulation; 687 keV
(E) MLEM; experiment; 898 keV (F) MLEM; simulation; 898 keV
FIGURE 5.6: (Left) MLEM images in the experimental measurement of a
point-like astatine-211 source at the center of the camera (x = 0 mm) in
the energy windows at (A) 570 keV, (C) 687 keV, and (E) 898 keV. (Right)
MLEM images in the simulation measurement of a point-like astatine-211
source at the center of the camera (x = 0 mm) in the energy windows at
(B) 570 keV, (D) 687 keV, and (F) 898 keV. Each pixel value is normalized so
that the maximum pixel value in each image is equal to unity.
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(A) MLEM; experiment; 570 keV (B) MLEM; simulation; 570 keV
(C) MLEM; experiment; 687 keV (D) MLEM; simulation; 687 keV
(E) MLEM; experiment; 898 keV (F) MLEM; simulation; 898 keV
FIGURE 5.7: (Left) MLEM images in the experimental measurement of a
point-like astatine-211 source off the center of the camera (x = −20 mm)
in the energy windows at (A) 570 keV, (C) 687 keV, and (E) 898 keV. (Right)
MLEM images in the simulation measurement of a point-like astatine-211
source off the center of the camera (x = −20 mm) in the energy windows
at (B) 570 keV, (D) 687 keV, and (F) 898 keV. Each pixel value is normalized
so that the maximum pixel value in each image in Fig. 5.6 is equal to unity.
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(A) Backprojection; experiment; 570 keV (B) Backprojection; simulation; 570 keV
(C) Backprojection; experiment; 687 keV (D) Backprojection; simulation; 687 keV
(E) Backprojection; experiment; 898 keV (F) Backprojection; simulation; 898 keV
FIGURE 5.8: (Left) x profiles of the backprojected images in the first exper-
imental measurement in the energy windows at (A) 570 keV, (C) 687 keV,
and (E) 898 keV. (Right) x profiles of the backprojected images in the first
simulation measurement in the energy windows at (B) 570 keV, (D) 687
keV, and (F) 898 keV. The red solid curve represents the fitting curve for
each profile. The dashed curve represents the background component.
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(A) MLEM; experiment; 570 keV (B) MLEM; simulation; 570 keV
(C) MLEM; experiment; 687 keV (D) MLEM; simulation; 687 keV
(E) MLEM; experiment; 898 keV (F) MLEM; simulation; 898 keV
FIGURE 5.9: (Left) x profiles of the MLEM images in the first experimen-
tal measurement in the energy windows at (A) 570 keV, (C) 687 keV, and
(E) 898 keV. (Right) x profiles of the MLEM images in the first simulation
measurement in the energy windows at (B) 570 keV, (D) 687 keV, and (F)
898 keV. The red solid curve represents the fitting curve for each profile.
The dashed curve represents the background component.
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TABLE 5.3: Spatial resolution in each profile in Figs. 5.8–5.9.
Energy Energy Spatial resolution in FWHM (mm)
window Backprojection MLEM
(keV) (keV) Experiment Simulation Experiment Simulation
570 517–623 22.6 20.2 11.3 9.8
687 623–751 30.5 21.0 11.9 10.9
898 814–982 15.1 16.7 9.1 9.4
The x profiles of the backprojection or MLEM images in the first experi-
mental or simulation measurement in the energy windows at 570 keV, 687
keV, and 898 keV were fitted by Gaussian or Lorentzian with background
components.
5.3 Discussion
As shown in Fig. 5.2, the dominant events seem to be chance coincidence events between
77-keV and 92-keV x rays, and the second dominant events seem to be chance coinci-
dence events between a 42-keV–50-keV gadolinium K-shell x ray and a 77-keV–92-keV
x ray. These two dominant peaks appear as a broad peak around 140 keV in Fig. 5.3(A).
In spite of the dominant broad peak, the peaks at 570 keV are clearly observed, and the
peaks at 687 and 898 keV are barely observed, as shown in Fig. 5.3(B). Moreover, the
source was clearly imaged and the 2-cm shift was consistently reproduced in each en-
ergy window, as shown in Figs. 5.4–5.5. In addition, the image was improved in both
spatial resolution and background noise by MLEM algorithm compared with the back-
projected image in each energy window and each measurement, as shown in Figs. 5.4
and 5.6–5.9 and Table 5.3.
The number of coincidence events in the energy window at 77 keV–92 keV in each ex-
perimental measurement was smaller than that in each simulation measurement by one
order of magnitude, as shown in Table 5.1. On the other hand, the numbers of coinci-
dence events in the energy windows at 570 keV, 687 keV, and 898 keV in each experimen-
tal measurement were comparable with or smaller by half than those in each simulation
measurement. The former results might be due to saturation of counts. The latter re-
sults might be due to large background noise by chance coincidence events between a
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42-keV–50-keV or 77-keV–92-keV x ray and a 570-keV, 687-keV, or 898-keV gamma ray,
which are not considered in the simulations. This is just a hypothesis, however, and the
evaluation of the counting-rate performance, the optimization of the energy threshold
of each detector, and the optimization of the coincidence time window are necessary to
verify the hypothesis and to reduce the background noise and will be future studies.
As shown in Figs. 5.4–5.9 and Table 5.3, the 898-keV image in each experimental mea-
surement has better spatial resolution and lower background noise compared with the
570-keV and 687-keV images in each algorithm. In the simulation results, however, the
spatial resolution and background noise are less dependent on energy. Although con-
tamination by partial energy absorption of higher-energy gamma rays could contribute
to the spatial resolution and background noise in the 570-keV and 687-keV images, the
fraction of the contamination in counts was 12%–13% (570 keV) and 18%–19% (687 keV)
in each simulation measurement. The difference between the experimental and sim-
ulation results might be due to large background noise by chance coincidence events
between a 42-keV–50-keV or 77-keV–92-keV x ray and a 570-keV, 687-keV, or 898-keV
gamma ray, which will be evaluated in a future study. Moreover, the optimization of
selection or combination of the energy windows is necessary and will be a future study.
As shown in Table 5.3, the best spatial resolution is 9 mm in FWHM at the distance of
3 cm, which corresponds to 30 mm in FWHM at the distance of 10 cm. As discussed
in section 4.3, since the angular resolution of a commercially available Compton camera
is 14° at 662 keV (Kishimoto et al., 2014, Kataoka et al., 2015), the spatial resolution of a
commercially available Compton camera corresponds to 25 mm in FWHM at the distance
of 10 cm. These values are a little worse than that of SPECT (19.5 mm; Turkington et al.,
1993). The spatial resolution of Compton cameras can be improved to 3 mm in FWHM
at the distance of 4 cm, which corresponds to 7.5 mm in FWHM at the distance of 10 cm,
by using depth-of-interaction detectors (Kishimoto et al., 2017a, Kishimoto et al., 2017b,
Kataoka et al., 2018, Kataoka et al., 2015, Kataoka et al., 2013). These are summarized in
Table 5.4.
From Table 5.1, the sensitivity of the developed Compton camera for astatine-211 in the
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TABLE 5.4: Comparison among several Compton cameras and SPECT
with respect to astatine-211 imaging performance and cost or price.
Spatial resolution Sensitivity Cost or price
in FWHM (mm) (cps/MBq) (US$)
Developed Compton camera 30 0.06 52,000
Commercial Compton camera 25 0.2 100,000
Dual-headed SPECT 19.5 30 2,400,000
Improved Compton camera 7.5 30 1,500,000
The spatial resolution and sensitivity for astatine-211 imaging and cost or
price of the developed Compton camera, a commercially available Comp-
ton camera, a dual-headed SPECT system, and an imaginarily improved
Compton camera are summarized. The spatial resolution and sensitivity
are normalized at the distance of 10 cm.
second experimental measurement is calculated to 0.9 cps/MBq, which corresponds to
0.12 cps/MBq at the distance of 10 cm. Considering attenuation by 10-cm water, this be-
comes half (0.06 cps/MBq) as shown in Fig. 3.2. This could be improved, for example, to
30 cps/MBq if the size of the GAGG array block of the scatterer became the same as that
of the absorber other than thickness and thirty-six camera heads were used. The sensitiv-
ity of the commercially available Compton camera discussed above is 0.46 cps/MBq for
cesium-137 at the distance of 1 m in air, which corresponds to 0.2 cps/MBq for astatine-
211 at the distance of 10 cm in water. The sensitivity of a dual-headed SPECT system for
astatine-211 could be estimated to 30 cps/MBq, supposing that the number of counts in
an energy window was half the total counts (Turkington et al., 1993). These are summa-
rized in Table 5.4.
As shown in Table 5.4, an imaginarily improved Compton camera could overcome the
dual-headed SPECT system in spatial resolution for astatine-211 imaging with compa-
rable sensitivity for astatine-211 imaging and cost. Figure 5.10 shows an example of the
configuration of the imaginarily improved Compton camera. Twelve camera heads are
arranged in ring and three rings are arranged cylindrically. More precise design is nec-
essary for clinical studies and will be a future study.
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(A) (B)
FIGURE 5.10: Example of the configuration of an imaginarily improved
Compton camera (A) from a side view and (B) from a top view. Twelve
camera heads are arranged in ring and three rings are arranged cylindri-
cally. The imaginarily improved Compton camera could overcome the
dual-headed SPECT system in spatial resolution for astatine-211 imaging
with comparable sensitivity for astatine-211 imaging and cost.
Although astatine-211 imaging with the high-energy gamma rays using a Compton cam-
era could improve the attenuation problem as described in Chapter 1, this study does not
evaluate the influence of attenuation on the image. An imaging experiment with a source
in a water-filled phantom is necessary and will be a future study.
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6.1 Conclusion
In this thesis, I developed a cost-effective Compton camera using high-sensitive inor-
ganic scintillators and a commercially available DAQ system for a PET camera. I per-
formed imaging experiments of a point-like astatine-211 source using the developed
Compton camera, and the source was successfully imaged.
In conclusion, I have demonstrated the capability of imaging astatine-211 with the high-
energy gamma rays using the Compton camera. This technique can be applied to tar-
geted alpha therapy imaging.
6.2 Future directions
As discussed in section 4.3, the implemantation of the MLEM algorithm, especially the
sensitivity map sj in equation 4.5 in section 4.1.2, might be somewhat rough approxi-
mation. This might be improved by incorporating geometrical and physical conditions
into sj analytically. Therefore, precise implementation of the MLEM algorithm will be a
future study.
As discussed in section 5.3, the number of coincidence events in the energy window at 77
keV–92 keV in each experimental measurement was smaller than that in each simulation
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measurement by one order of magnitude. This results might be due to saturation of
counts. Therefore, the evaluation of the counting-rate performance is necessary to verify
the hypothesis and will be a future study.
As discussed in section 5.3, the numbers of coincidence events in the energy windows
at 570 keV, 687 keV, and 898 keV in each experimental measurement were comparable
with or smaller by half than those in each simulation measurement. This results might
be due to large background noise by chance coincidence events between a 42-keV–50-
keV or 77-keV–92-keV x ray and a 570-keV, 687-keV, or 898-keV gamma ray, which are
not considered in the simulations. Therefore, the optimization of the energy threshold
of each detector and the optimization of the coincidence time window are necessary to
reduce the background noise and will be future studies.
As discussed in section 5.3, the 898-keV image in each experimental measurement has
better spatial resolution and lower background noise compared with the 570-keV and
687-keV images in each algorithm. In the simulation results, however, the spatial res-
olution and background noise are less dependent on energy. Although contamination
by partial energy absorption of higher-energy gamma rays could contribute to the spa-
tial resolution and background noise in the 570-keV and 687-keV images, the fraction
of the contamination in counts was 12%–13% (570 keV) and 18%–19% (687 keV) in each
simulation measurement. The difference between the experimental and simulation re-
sults might be due to large background noise by chance coincidence events between a
42-keV–50-keV or 77-keV–92-keV x ray and a 570-keV, 687-keV, or 898-keV gamma ray,
which will be evaluated in a future study. Moreover, the optimization of selection or
combination of the energy windows is necessary and will be a future study.
As discussed in section 5.3, although astatine-211 imaging with the high-energy gamma
rays using a Compton camera could improve the attenuation problem, this study does
not evaluate the influence of attenuation on the image. An imaging experiment with a
source in a water-filled phantom is necessary and will be a future study.
In section 5.3, I discussed an example of the configuration of an imaginarily improved
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